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A supercontinuum from the blue/green to the red is generated by pumping orientation-patterned
gallium phosphide crystal by femtosecond pulses from Yb:fibre laser. Experimentally, the su-
percontinuum is generated by focusing 32 nJ 100 fs pulses at 1040 nm into the OPGaP crystal,
to a focus of w0=25 µm. Using a nonlinear envelope equation model developed in this work,
a combine action of χ(2) and χ(3) nonlinearities is shown to be the origin of the supercontin-
uum generation. The modelling implies that high-order parametric gain pumped by the second-
harmonic light of the laser and seeded by self-phase-modulated sidebands is responsible. The
results represent the first time a visible supercontinuum has been generated in a bulk material
using a low-energy high-repetition rate femtosecond laser.
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There is a huge interest in developing supercontinuum sources due to its application in optical
tomography [1], pulse compression [2], precision metrology [3], [4], and spectroscopy [5]. In
these examples, the broadband coherent light is generated by pumping at a wavelength close to
the near-zero dispersion regime. Fibre-based methods use this mechanism of dispersion tuning
[6-10] to generate supercontinuum. The primary mechanism behind the supercontinuum gener-
ation here is SPM, FWM, soliton propagation and modulation instability. Depending on the type
of fibre, the interplay between dispersion and nonlinearity can be used to tune the output spec-
tra [6]–[8]. Another way of generating coherent supercontinuum is by using waveguides and
integrated photonics. The on-chip based platforms include silica [9], silicon [10], [11], silicon
nitride [12], [13], and chalcogenide [14], [15].
The quasi-phasematching technique is used in nonlinear optics to phase match different nonlin-
ear processes. It is a powerful technique for generating, amplifying and broadening light. It uses
engineered materials to phase match different nonlinear process with higher efficiency which
was not possible due to conventional phasematching technique. Also, quasi-phasematching
make it possible even for high-order nonlinear processes in χ(2) materials to access substan-
tial effective nonlinear coefficients. Early work in periodically poled lithium niobate (PPLN)
demonstrated that this facility when combined with the high intensities available within guided-
wave devices, enabled a form of supercontinuum generation that exploited multiple cascaded
and high-order three-wave interactions to generate supercontinua [16]. This approach has since
been refined both theoretically [17] and experimentally [18] to deliver greater control of such




Engineerable phase matching in semiconductors like orientation-patterned gallium arsenide (OP-
GaAs) [19] and orientation-patterned gallium phosphide (OPGaP) [20] has enabled the demon-
stration of highly efficient ultra-broadband or extremely tunable femtosecond optical parametric
oscillators [21], [22]. In particular, OPGaP combines transparency extending well into the vis-
ible region with a high nonlinear coefficient (d14 = 70.6pm/V ) [23] that results in a nonlinear
figure of merit (d2e f f /n
3) 3 times that of PPLN [23]. When such a high nonlinear coupling is
available along with a strong driving field, many high-order processes become relatively efficient
in quasi-phasematched media; for example, the first report of optical parametric oscillation in-
OPGaP observed ninth-order visible light generation using narrow-linewidth nanosecond pump
pulses [23].
The main aim of this thesis to understand the principle processes acting to form supercontin-
uum in quasi-phasematched OPGaP crystal. In this chapter, I introduce fundamental concepts
in nonlinear optics. Starting with Maxwell’s equation, we then explain polarization and its con-
tribution in second and third-order nonlinear processes. Later, I introduce quasi-phasematching
to discuss the optical and properties of OPGaP crystal and role of achieving the second-order
nonlinear process. In Chapter 2 I discuss the main processes i.e. dispersion and Kerr nonlin-
earity involved in supercontinuum generation. In brief, we also discuss the origins of cascaded
χ(2) effects. In Chapter 3 I introduce nonlinear envelope equations (NEE) to simulate the effect
of quadratic and cubic nonlinearities. Finally, in Chapter 4, I present experimental details and
compare the results with numerical modelling.
1.2 From Maxwell’s equation to nonlinear optics
Before understanding the nonlinear polarization, it is essential to take a look at Maxwell’s equa-
tions which govern all electromagnetic waves and light matter interaction
∇ ·D = ρ (1.1a)
∇ ·B = 0 (1.1b)
∇×E = − ∂B
∂ t
(1.1c)
∇×H = J + ∂D
∂ t
(1.1d)
Here bold font indicates vector quantities and italic font scalar quantities. All quantities depend
on the spatial co-ordinate r(x,y,z) and time t. In these equations, E and H are electric and
magnetic field respectively, D is the electric displacement and H is the magnetic induction, ρ
and J are the electric charge density and electric current density respectively. D and B are related
to E and H via the constitutive relations which are based on the medium responses to electric
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and magnetic field:
B = µ0H + M (1.2a)
D = ε0E + P (1.2b)
where ε0 is the permittivity of free space, P is the polarization, µ0 is the permeability of free
space and M is the magnetization. In this work, the dielectric medium is charge free, i.e ρ = 0
and since the medium is non-magnetic, M = 0.
1.2.1 Nonlinear polarization
A medium produces an optical response to an oscillating electric field vector, E travelling
through it. The response is called the “polarisation”, P and is used to describe an electromagnetic
wave propagating through a media. The role of polarization can be understood using the non-
linear wave equation for homogeneous and isotropic media [24], where the second derivative of
the polarization term P is a source term indicating emission of radiation by accelerating charges.
We use Maxwell’s equations to derive the wave equation. By taking the curl of Equation 1.1d












The polarization is given by:
P = ε0 χ(1) E(t) (1.4)
Where, χ is the nonlinear susceptibility tensor and for simplicity, E and P are considered scalar
quantities. Also, the time dependent t of the polarization is assumed to be instantaneous. In
general, the polarization term can be expressed as a power series expansion of the field strength
E
P = ε0 [χ(1) E(t) + χ(2) E2(t) + χ(3) E3(t) + · · · ] (1.5)
The quantity χ(1) is called the linear optical susceptibility whereas, the quantities χ(2) and χ(3)
are known as the nonlinear optical susceptibilities respectively.
In the linear regime, the polarization induced in the medium is linear as the dipoles oscillates
harmonically. Thus, this can only give rise to phase delay or absorption which are frequency
dependent but not intensity dependent. The induced polarization in the nonlinear regime is
beyond the linear regime such that they oscillate anharmonically. This results in the nonlinear
response of the electric field. P further can be split into linear and nonlinear part:
P = PL + PNL (1.6)
Introduction 4
P = ε0 χ(1) E(t) + ε0 [χ(2) E2(t) + χ(3) E3(t) + · · · ] (1.7)
In the total polarization, the linear term is dominant and all the higher order terms are small
perturbations when compared with is linear term.
1.2.2 Second order process
When only χ(2) is considered among the other higher order terms from Equation (1.7), then
P(2) = ε0 χ(2) E2(t) (1.8)
is known as the second order polarization. χ(2) is responsible for all the second order nonlinear
optical interactions and can only take place in a noncentrosymmetric medium [25], i.e. crystals
which do not show inversion symmetry. Considering the scalar field approximation and that the
incident field is superposition of two different frequencies ω1 and ω2, the electric field is given
by:
E(t) ∝ E1e(−iω1t)+E∗1e
(iω1t) + E2e(−iω2t)+E∗2 e
(iω2t) (1.9)
Now, solving the Equation (1.8) by using this definition of the electric field, the resulting second
order nonlinear polarization term may be written as:
P(2) = P(2)(2ω1 +P(2)(2ω2)︸ ︷︷ ︸
SHG
+ P(2)(ω1 +ω2)︸ ︷︷ ︸
SFG
+ P(2)(ω1−ω2)︸ ︷︷ ︸
DFG
+ P(2)(0)︸ ︷︷ ︸
OR
(1.10)
The second order nonlinear polarization gives rise to different second order processes such as
second harmonic generation (SHG), sum frequency generation (SFG), difference frequency gen-
eration (DFG), optical rectification (OR), etc. There are many combinations of these interactions
which are possible but not all processes act at the same time. At a given time, only one process
can be efficient. The selectivity and the efficiency of the process is determined by the phase
matching condition which will be discussed later in this chapter.
1.2.3 Third order process
Third order nonlinear interactions can occur for both centrosymmetric and noncentrosymmetric
media [26].
P(3) = ε0 χ(3) E3(t) (1.11)
The resulting third order nonlinear polarization term is quite cumbersome as the term E(t)3
has 44 components with many different frequencies. Hence, considering a case where a scalar
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The first term indicates a third harmonic generation (THG) process where a frequency of 3ω is
generated when the incident field is of the frequency ω .
The second term describes an effect where the nonlinear polarization induces a change in local
refractive index due to the incident field at ω . The nonlinearity is represented as:
n = n0 + n2I (1.13)
where, n0 is the linear refractive index, n2 is the local refractive index and I is the intensity of
the incident field. The intensity dependent refractive index is an essential process for generating
the supercontinuum and will be discussed more in the later chapters.
1.2.4 Phase matching
As seen earlier, many different nonlinear interactions can take place inside a medium but not
all act at once. To efficiently select a process, one needs to understands the process of phase
matching. We know that the nonlinear processes are related to each other via the law of conser-
vation of energy but they also need to satisfy conservation of momentum h̄pk = h̄sk + h̄ik and
thereby reducing the number of allowed interactions. Physically, the need for phase matching
arises because of dispersion in the refractive index of a material [27] [28] and due to the fact that
nonlinear conversion is limited by different factors such as material availability and properties
like transmission, thermal and mechanical properties,damage threshold etc. All of these factors
must be satisfied in order to have an efficient interaction in a medium. As PNL << PL, noticeable
nonlinear effects can only be observed when the incident field is propagated through a fairly
long interaction length in a medium when the phase matching condition is satisfied, meaning
that that the wavevector mismatch is
∆k = 0 (1.14)
There are two techniques to make ∆k = 0, namely birefringent phase matching and quasi phase
matching. The first method uses birefringence of the nonlinear material to phase match the
process. In this type of phase matching, different polarizations see different refractive indexes
which results in waves traveling at distinct speeds. Depending on the value of ∆k, two solu-
tions are possible. One is the phase matching condition where the gain is exponential and the
other when the phase matching condition is nonzero, in such case, the gain is oscillatory. To
understand this, we can look at the second harmonic generation case illustrated below, where
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FIGURE 1.1: Second harmonic generation power as a function of propagation distance for a
phase matched and phase mismatched process. Figure from [29]
ωSH = 2ωFH . In birefringent phase matching, both the fundamental and the second harmonic
travel with the phase velocity νp = ω/k through the nonlinear medium, and as a result trans-
fer of energy from one wave to another is efficient as the wavevector mismatch is minimum.
Wavevector mismatch arises due to the difference in phase velocity between the fundamental
and second harmonic wave and the mismatch is given by ∆k = kSH −2kFH . As a result, after
propagating the Lc distance, the phase difference between both the waves will by π and will
interfere destructively. This can be seen in Figure 1.1. The overall power will flow back to the
fundamental wave and the distance at which this reversal happens is called the coherence length
(Lc = π/∆k).
Quasi phasematching utilises the periodic phase shift to obtain ∆k = 0. Unlike birefringence
phase matching, QPM allows the oscillatory feature of ∆k 6= 0 but resets the wavevector mis-
match to 0 when relative phase mismatch goes to π multiple of coherence length. This is
achieved by reversing the sign of the nonlinear coefficient every Lc, thereby minimizing the
destructive interference among second harmonic components and keeping the energy flowing
from fundamental to the second harmonic. The phase mismatch now corresponds to
∆k = kSH − 2kFH − kQPM (1.15)
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FIGURE 1.2: a) Second harmonic generation power as a function of propagation distance for a
phase matched, phase mismatched and quasi phase matched process. b)Momentum conserva-
tion for a collinear SHG for a quasi phase matched process. Figure adapted from [29]
where, kQPM is called the QPM grating vector and is introduced to sum the effective phase








The sign reversal in QPM is achieved through periodic poling or through orientation patterning
[24] like the OPGaP. QPM has several advantages over birefringence phase matching. It allows
noncritical phase matching at convenient temperatures and also extends utility of existing mate-















Where D is the duty cycle of the periodic reversal and m is the phase matching order. For
first-order quasi phasematching, m=1 and D=1/2 (50% duty cycle).
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1.3 Orientation-patterned gallium phosphide (OPGaP)
Gallium phosphide has large optical nonlinearities (71 pm/V @ 1.064 µm) along with wide
transparency range (0.55 - 12 µm) and high thermal conductivity (1.1 W/cm.K) [30]. Addi-
tionally, GaP has a low two-photon absorption coefficient at 1µm[31] resulting in low optical
damage by high pump powers at this wavelength. Due to all these factors, GaP is suitable ma-
terial for quadratic nonlinear interactions. With the help of quasi-phasematching, GaP can be
used in a practical wavelength region along with efficient nonlinear conversion.
1.3.1 OPGaP fabrication and structure
The OPGaP crystal was fabricated using the all epitaxial processing technique which was origi-
nally designed for the fabrication of OP-GaAs structure [19][32][33]. The OPGaP crystal used
in this work was developed by Peter Schunemann (BAE Systems). The complete description of
the process is given in this paper [34]. Polar on nonpolar molecular beam epitaxy (MBE) was
used to procduce a III-V semiconductor layer. The semiconductor layer was inverted relative to
the substrate layer. The whole process was initiated with around 75nm undoped GaP substrate
on which several buffer and smoothing layers were grown of a 200 nm thick GaP layers. The
surface layer was patterned with a multi grating mask using photolithography technique and
alternating domains were etched in Boron trichloride solution down to the starting substrate. To
fill the leftover gaps from the photolithography, MBE was used again with non-inverted GaP.
The output is a 2µm thin structure with alternating GaP orientation. Subsequently, the OPGaP
template was loaded into a low pressure vapor phase epitaxy (HVPE) reactor to extend the struc-
ture. Figure 1.3 shows the polished and etched cross-sections of the OPGaP crystal samples used
for the required phase matching in this thesis. Exemplary parallel and vertical domain propa-
gation growth was achieved up to 150µm. Crystal lengths of 1 mm were diced and polished
from the wafer. Lastly, anti-reflection coatings for near to mid-infrared wavelengths (1.02-1.06,
1.15-1.35 and 5–12 µm) were applied.
1.3.2 Quasi-phasematching in OPGaP
OPGaP is a polycrystalline QPM semiconductor of the group III-V which allows the use of
a 1µm laser as pump due to its low two-photon absorption. Its high nonlinear coefficient at
1µm is 70.6 pm/V. The domain grating pattern enables the desired tuning parameter to cover the
materials full transparency range.
The material’s full transparency window which can be seen from the Figure 1.4 [35].
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FIGURE 1.3: (a) The layout domain regions on the 75mm OPGaP wafer with cross sections re-
vealing the domain period growth. The right part of the figure shows a diced and anti-reflection
coated crystals of (b) 24.5µm and (c) 27µm [34].
FIGURE 1.4: Transmission of 1mm OPGaP crystal.
The Sellmeier equations which governs the refractive index of the GaP as a function of wave-
length is given by [36]:













where n is the refractive index, λ is wavelength in µm and A,B,C,D are experimentally de-
termined Sellmeier coefficients. But the Sellmier equation used in this thesis is based on the
work of Guha [36] and incorporates for wavelengths from 0.7 to 12.5 µm and temperature from
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FIGURE 1.5: Refractive index of gallium phosphide obtained from the Sellmeier equation of
[36]
78-450K. The equation reads as:







where, the parameter A and E were found for each temperature and the values of A,B,C and D
were fitted to quadratic expression in T with better accuracy. The Figure 1.5 shows the refractive
index of OPGaP in the transparency window.
Chapter 2
Processes involved in a
supercontinuum generation in a
quasi-phasematched crystal
Supercontinuum generation involves multiple processes which interact dynamically to generate
new frequencies. The newly generated frequencies depend strongly on the medium of the in-
teraction and the interplay between dispersion and nonlinearities. In this chapter I describe the
effects which are responsible for generating the supercontinuum in a QPM crystal.
2.1 Dispersion
Dispersion is a linear effect which describes the dependence of the velocity of light at different
wavelengths. Dispersion can arise due to the frequency-dependent refractive index of the mate-
rial called as material dispersion whereas geometric structure of a waveguide causes waveguide
dispersion.
optical resonances occur at different frequencies over the whole electromagnetic spectrum, and
as a result the index of refraction varies. Figure 2.1 illustrates a typical distribution of reso-
nances, with electronic resonances in the UV; vibrational and rotational resonances in the IR,
and core electronic resonances occur in the x-ray region. The region between the normal dis-
persion at which resonances occur is called the anomalous dispersion region and can be seen as
multiple peak and valley over the spectrum in Figure 2.1. The refractive index decreases in the
anomalous region.
In nonlinear optics, β is known as the propagation constant which describes the phase shift of the
pulse as it propagates. It is important to understand the behaviour of β (ω) for the generation of
11
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FIGURE 2.1: Illustration of refractive index vs frequency.
supercontinuum. Using a Taylor series expansion to expand β (ω) we get a generalised equation







This expression constitutes all the dispersion terms where β0 is the phase, β1 is the 1st order
dispersion, β2 is the 2nd order dispersion and β3 is the 3rd order dispersion. Higher order terms
such as β4 and β5 also contributes to dispersion but, depending on the type of medium used for
generating supercontinuum, their contribution can be included or else negligible. Its is important
to note that the dispersion only affects the phase of the pulse and does not change its spectral
amplitude. We now address role of each of these terms in brief.
FIGURE 2.2: Illustration of an ultrafast pulse undergoing dispersion. Plots of instantaneous
frequency determines the dispersion type: (a) normal dispersion and (b) anomalous dispersion.
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2.1.1 Group velocity
The group velocity describes the propagation of the pulse envelope in a medium. The group









In a nonlinear interaction, the group velocity or β1 determines the spectral overlap between the
parts of the pulse in time domain. A pulse after propagating in a medium has different phase
and group velocities due to chromatic dispersion. To understand the effect of phase velocity on
Gaussian pulse propagation, lets assume a case where β1 < 0. In this case the pulse envelope
and the spectrum will remain the same; only the phase will shift in time. In the case of β1 > 0,
the phase shift will be positive and rest will remain the same.
2.1.2 Group velocity dispersion (GVD)
Group velocity dispersion or β2 arises due to the frequency dependence of the group velocity.
It gives insights into the relative phase or position between different spectral components of a

















The role of β2 is of central importance in the supercontinuum generation process. Its primary
effect is to chirp and temporally broaden the optical pulses. Further, GVD is divided into nor-
mal and anomalous dispersion regimes. In the normal dispersion regime, the GVD is positive
(β2 > 0), whereas GVD is negative (β2 < 0) for the anomalous dispersion regime. In normal
dispersion, the instantaneous frequency increases with time which implies that the red (low-
frequency) components travel with higher group velocity than blue (high-frequency) compo-
nents. For anomalous dispersion, the characteristic is opposite i.e. instantaneous frequency
increases with time. GVD is responsible for a linear chirp, which means linear variation of in-
stantaneous frequency. The chirp is positive when the instantaneous frequency increases with
time and negative for vice versa. The spectral amplitude remains unchanged due to β2.
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2.2 Kerr nonlinearity
2.2.1 Self phase modulation
FIGURE 2.3: (a) Temporal variation of SPM induced phase shift and frequency chirp for Gaus-
sian (dashed) and super-Gaussian pulses. Figure adapted from [37]
The most important process in supercontinuum generation in bulk materials is the Kerr effect.
[38], [39]. Self-phase modulation (SPM) arises because of Kerr nonlinearity in the medium as
seen in Chapter 1. The Kerr effect is a nonlinear effect occurring when an intense light beam
propagates in a medium. It describes the dependence of the refractive index on the intensity.
n = n0 + n2 · I (2.5)
where n0 is the linear and n2 is the nonlinear refractive index. Due to third-order nonlinearities,
the nonlinear refractive becomes intensity dependent. This variation of the refractive index due
to the intensity leads to an effect known as self-focusing [40], [41]. It causes an increase in the
refractive index in the areas where beam intensity is higher. Therefore the centre of a Gaussian
beam where the intensity is high will observe a lower phase velocity. As a result, an outer
propagating Gaussian beam will have a higher phase velocity than the centre causing significant
curvature of the phase front. Since this action is similar to a lens, the effect is called self-
focusing, which is also known as the Kerr lens. Pcrit is the minimum power threshold required






If the nonlinear medium is long enough, after self-focusing, the beam will collapse to a spatial
soliton. This distance z f is given by Equation (2.7) and strongly depends on the input power P











The interplay between self-focusing and the defocusing effects is called filamentation. If the
beam is focused into the material with focusing length f , the soliton will start earlier. The total










Self-focusing is limited by plasma defocussing or multi-photon absorption. Due to the high
material density in solids, the losses are notably higher [42]. As a result, the filamentation
distances lasts only a few millimetres. The advantage is that the distance is shorter due to higher
nonlinear refractive index n2. Intensity clamping is also a result of filamentation [43], [44]. As
there is a stable equilibrium between self-focusing and defocusing effects, the peak intensity is
extremely stable and will not exceed a maximum value else the defocusing effects dominate.
As the intensity varies in the propagation direction, the nonlinear refractive index will dominate
from the Equation (2.5) and will lead to a time dependent phase given by:




where, ω0 is the central frequency of the pulse, k is the wave vector, z the propagation distance,
and L the length of the nonlinear medium. As a result of changing phase in the pulse, new










The Figure 2.3 illustrates the generation of new frequencies. Red frequencies will be generated
on the front of the pulse where the intensity is rising, dI(t)/dt > 0 while on the back of the,
blue frequencies will be generated as the intensity is decreasing. As a result, the generated new
frequencies will be intrinsically chirped.
2.2.2 Self-steepening and shock formation
Another important nonlinear effect which is a direct consequence of self phase modulation is










This implies that the centre of the pulse will have a slower group velocity. This will result in
a steeper trailing edge and hence the blue side of the spectrum. This causes an asymmetry in
the SPM broadened spectra of ultrashort pulses [37]. This effect is illustrated in the Figure
2.4. As the trailing edge has a very large negative gradient, the shock effect causes a large blue
asymmetry to the pulse spectrum.
FIGURE 2.4: (a) Self steepening of Gaussian pulse in the dispersionless case. Different curve
represent pulse in different time. (b) Effect of self steepening on SPM spectrum. Figure from
[37]
2.3 Second-order nonlinear processes
2.3.1 Second harmonic generation
Second harmonic generation describes the process where two fundamental photons at frequency
ω1 mix to produce a single photon at frequency ω3 = 2ω1. The relevant nonlinear polarization
contribution for the second harmonic generation is









where de f f is a tensor based on a set of polarization components and is the sum of all the Fourier
series order of the QPM gratings.





e f f (2.13)
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where ∆k0 = k1−2k2 is the phase mismatch. Analytical solutions to the equations are given in
[27], [45]. The mth order associated with Fourier order of the OPM for a SHG is given by
∆km = k2 − 2k1 − mKQPM (2.15)
The order and the type of combination of fundamental and the second harmonic arises from the
de f f and is required for energy conservation.
2.3.2 Three wave mixing
The χ(2) process involves interaction of three fields at frequency ωp,ωs and ωi which are related
to each other by energy conservation h̄ωp = h̄ωs + h̄ωi. We will consider all three waves are
co-polarised (TM) and then the nonlinear polarisation can be given as:
PNL(ωp) = 2ε0χ(2)Es(ωs)Ei(ωi)
PNL(ωs) = 2ε0χ(2)Ep(ωp)E∗i (ωi)
PNL(ωi) = 2ε0χ(2)Ep(ωp)E∗s (ωs)
(2.16)
Assuming the slowly varying envelope approximation, the three waves coupled equations that




= − iσpAsAi · e−i∆kz
∂ 2As
∂ z2
= − iσsApA∗i · e−i∆kz
∂ 2Ai
∂ z2
= − iσiApA∗s · e−i∆kz
(2.17)
where
σ j = de f f ·
ω j
c
·n j ( j = p,s, i)
These are called the coupled-wave equations or three wave mixing. For a quasi phase matched
crystal, the phase mismatch for the TWM are given by:
∆km = kp − ks − ki − mKQPM (2.18)
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2.3.3 Cascaded phase shift
The coupled wave equations outlined in the Section 2.3.2 describe efficient energy transfer
between the waves provided that the phase matching condition is satisfied. The solutions of
these equations vary as the phase mismatch increases. In such conditions, the waves flip each
other’s phase without transferring much energy between them. The resulting collective interac-
tion closely duplicates χ(3) effects such as self-phase and cross-phase modulation. This forward
and backward energy transfer because of phase mismatch is called cascaded phase shift [30].
Considering a large phase mismatch in the Equation (2.14), the resulting second harmonic con-
stitutes a rapidly varying component whose phase is changing due to a slowly varying compo-









The more general approaches and details of this equation are given in [46]. Assuming A1 = A
(1)
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where χ(3)cascade is an effective third order susceptibility that emerges due to the cascaded χ
(2)













Different nonlinear pulse propagation models such as carrier resolved propagation equations
[47]–[52] or envelope propagation equations [53]–[57] have been used already to simulate the
supercontinuum process. In this work, we use the nonlinear envelope equation (NEE) to simulate
the effects of χ(3) and χ(2) nonlinearities in the OPGaP crystal. The NEE used in this thesis is
build upon the work of Conforti and Wabnitz [58]–[60]. We start with the work of Brabec and















The equation considers the propagation of plane waves and neglects the transverse dimension.























where, c is the speed of light in vacuum, ε0 is the dielectric permittivity, χ̃(ω) is the linear
electric susceptibility and ε̃(ω) = 1+ χ̃(ω). Now we write the electric field as the product
of carrier wave and a slowly varying envelope, Ẽ(z,ω) = Ũ(z,ω)e−ik(ω)z, where k(ω) is the









In the above equation, the field amplitude and the phase are evolving slowly in the propagation
direction z and hence we can use the slowly evolving wave approximation (SEWA) to neglect
the second derivative of the field Ũ with respect to z, and thus, we get
∂ Ũ(z,ω)
∂z




The equation for the electric field can be obtained from the definition of Ũ.
∂ Ẽ(z,ω)
∂z
+ ik(ω)Ẽ(z,ω) = − i ω
2ε0cn(ω)
P̃NL(z,ω) (3.5)
The Equation 3.5 is called the forward Maxwell equation (FME) [49].
3.1.1 Definition of envelope








A(z,ω−ω0)e−iβ0z + c.c. (3.7)
where, ω0 is the carrier frequency and β0 = ℜ{k(ω)}. It is critical to define the complex en-
velope of the field as not to put any assumptions on the frequency domain of the signal. The
electric field can be analytically defined as:
Ê(z, t) = E(z, t)+ iH {E}(z, t) (3.8)








where H is the Hilbert transform of the electric field and p.v represents the Cauchy principal




2Ẽ(z,ω), i f ω > 0
Ẽ(z,0), i f ω = 0
0, i f ω < 0
(3.10)









And finally, we can write the complex electric field as:
A(z, t) = Ê(z, t)e−iω0t+iβ0z (3.12)
3.1.2 Nonlinear polarization
Following the similar steps as the electric field, the nonlinear polarization can be written as the
product of complex envelope and a carrier wave and it reads
pNL(z, t) = P̂NL(z, t)e
−iω0t+iβ0z (3.13)
The total nonlinear polarization can be written as the sum of quadratic and cubic nonlinearities,




NL. Using the definition of the complex electric field, the quadratic p
(2)
NL and
























3.1.3 Nonlinear envelope equation

















where Ω = ω−ω0 and βm = ∂ mβ/∂ωm. The time domain equation can be obtained by taking
the inverse Fourier transform
∂ (z, t)
∂z





















It is convenient to write the propagating pulse in a local time frame and hence we rewrite the
Equation 3.16 in a reference frame moving at group velocity β1 (νg) and thus by changing
τ = t−β1z, we get
∂A(z,τ)
∂z









By changing the reference we get the NEE used in this work. Now, we substitute the total
nonlinear polarization by using Equation 3.14 to get the final equation. It is important to know
that the nonlinear perturbation contribution is considerably less than the linear contribution.
Also, the negative frequencies are not considered as these do not phase match.
∂A
∂z
























3.2.1 Numerical modelling framework
Supercontinuum generation is a complex process involving many processes acting together.
Therefore, to help understand the dynamics, numerical modelling can provide significant in-
sights into these processes. However, solving the nonlinear propagation equation is challenging
and complex which can also be limited by computational capabilities of system. In this section,
I solve the NEE Equation 3.18 in the frequency domain using the Runge-Kutta method to show
examples of full numerical modelling of the experimentally measured output spectra.
I simulate the propagation of a 90 fs long Gaussian pulse centred around 1040 nm with 1.6
MW/cm2 peak intensity. To model the refractive index dispersion, Sellmeier coefficients were
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FIGURE 3.1: Simulated evolution of the visible and near-infrared spectra in 1 mm long and 27
µm grating period OPGaP crystal with only (a): χ(2) nonlinearity active; (b): χ(3) nonlinearity
turned on.
inserted from the experimental data [36] with a temperature of 20◦C. The optimum poling
period was found out to be Λ = 27 µm. We used the value χ(2)/2 = 85× 10−12 m/V as the
second-order nonlinear coefficient and for GaP n2 = 6.5×10−18 [61]. During experiments, two
different spectrometers with filters were used to record the visible and near-infrared spectra. To
mimic the experiment in the simulation, output spectra were convoluted with a visible and near-
infrared filter of appropriate spectral resolution. Linear diffraction is neglected as the confocal
parameter for the focal spot size is 13 mm. Also, spatio-temporal effects and the Raman effect
are not considered.
The NEE model allows us to separately investigate the contributions from the χ(2) and χ(3)
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nonlinearities. For the initial example presented in Figure 3.1 (a), I set χ(3) = 0 in the NEE
model to only get the contributions from second-order nonlinearity. It can be seen that there
is no significant pulse broadening in the near-infrared part of the spectrum whereas we see the
output at around 520 nm in the visible part of the spectrum. The green light at 520 nm is
the frequency-doubled wavelength arising from the second-order nonlinearities present in the
crystal in the presence of 1040 nm pump. There is little sideband generated around 600 nm
which arises due to high order phase matching and parametric gain and is explained in the later
subsection.
Now, to understand the effect of Kerr nonlinearity (3.1(b)),the χ(3) component is retained while
χ(2) is set to zero in the NEE model. As a result, we see a spectral broadening in the near-
infrared part of the spectrum and no second harmonic generation. The broadened sideband of
the pump spectrum is due to self-phase modulation.
3.2.2 Full Model
After understanding the contributions of quadratic and cubic nonlinearities individually, we now
look at an example where both χ(2) and χ(3) are turned on in our NEE model. Figure 3.2 shows
the power spectrum obtained from the NEE model. The input narrowband pump is spectrally
broadened from 950− 1250 nm due to the self-phase modulation as seen in Figure 3.1. In the
visible region, we see a broadened spectrum around the second harmonic output at 520 nm along
with some spikes.
FIGURE 3.2: Simulated evolution of the visible and near-infrared spectra after propagation
through a 1 mm long OPGaP crystal fabricated with a grating period of 27 µm.
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FIGURE 3.3: Comparison of simulated spectra in 1mm OPGaP with 27µm grating and the
effect of switching off either quadratic or cubic nonlinearity.
Figure 3.3 shows the overlay of spectra with χ(2) and χ(3) acting alone and together. It can be
seen that when only χ(3) is turned on, the spectral broadening in the near-infrared region due to
SPM is similar to the broadening when both the nonlinearities act together. This is evident as
only χ(3) is responsible for symmetric broadening of the pump and no light is generated in the
visible reason in that case. In Figure 3.3 when we compare the visible region, one can see that
the output is not the same when χ(2) is acting alone. Not only the frequency-doubled content,
but also some shorter and longer wavelength spikes. The origins of these spikes arise due to
higher-order quasi phase matched seeded parametric gain and can be explained by considering
the phasematching efficiency of OPGaP. Figure 3.4 shows the mth order difference frequency
mixing in the range of 500-650 nm. We know that the 520 nm output in the visible region is
generated due to frequency-doubled pump. Now, this can act as a pump to parametrically am-
plify longer wavelengths around 500 -650nm. As a result, it parametrically amplifies longer
wavelengths around 550-600 nm. and the shorter wavelengths are amplified by the lower-order
process. Hence they experience stronger conversion because of 1/m2 dependence of the para-
metric gain coefficient. This is illustrated in Figure 3.4, where a few nm pump centred at 520 nm,
is shown as a dotted line which intersects many high order phasematching loci. The dotted white
line intersecting the orders m =5,7,9 corresponding to the spikes around 550nm can be seen in
Figure 3.3. Since the high order phase matching loci lie diagonally on the phasematching map,
the spectral bandwidth of a broadband pump can be translated into the parametric signal. The
above analysis assumes that some seed light already exists at wavelengths longer than 520nm.
This can be explained using the frequency-doubled sidebands of the pump light. Our claim that
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FIGURE 3.4: Fundamental and high-order m = 3− 17 phasematching loci for difference-
frequency mixing in a 27 period OPGaP crystal of length 1 mm. Interaction efficiency, pro-
portional to sinc2(∆kL/2)/m2, is represented by the color map.
FIGURE 3.5: Full-spectrum NEE simulation, showing long-wave infrared generation above 7
µm, corresponding to idler radiation from difference frequency mixing between 520 nm and
wavelengths shorter than 562 nm.
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FIGURE 3.6: Pulse evolution in time domain of 1 mm OPGaP crystal with a grating period of
27 µm
parametric gain in the green is responsible for the supercontinuum generation process is further
confirmed in Figure 3.5, which illustrates the long-wave infrared generation observed in the
NEE model above powers where SPM broadens the spectrum to a range sufficient to generate
the necessary seed wavelengths. Infrared generation occurs above 7 µm, corresponding to peak
parametric gain below 562 nm.
In this work, temporal characterisation was not performed experimentally but Fig 3.6 shows the
pulse evolution in the time domain. The plot shows the temporal pulse evolution as the pump
power is increased. The initial pump pulse is around 100 fs and it can be seen that after exiting
the pulse it broadens temporally and thus the pulse is chirped as it exits the crystal. This can
be explained with the help of the spectral evolution in Figure 3.2. We can see the generation
of sideband spikes after 1 W of pump power. As the sidebands in the visible region are due to
cascaded a χ(2) effect, the generated parametric light travels with different group velocity than
the pump, and as a result we get newly generated frequencies travelling at different speeds. This
can be seen in the temporal evolution as the sidebands are more prominent after 1 W of power.
To understand the temporal dynamics, let us look at each feature in Figure 3.6 individually. We
suspect that the idler pulses are generated before the near-infrared sidebands and this can be
seen in Figure 3.6, where the generated idler has less group velocity and is shown on the left
side of the plot as label A. The label C indicates the 1040 nm pump at time t = 0. B and D point
out the near-infrared sideband generation with a different group velocity. The second harmonic
signal at 520 nm is shown by label E and indicates that the frequency-doubled signal is generated
after the near-infrared sideband. Lastly, sidebands generated after 550 nm are shown by label
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FIGURE 3.7: (a):Simulated spectra after propagating through 0.5 mm, 1 mm and 1.5 mm
OPGaP crystal with a grating period of 27 µm; (b)Simulated spectra in 1mm OPGaP with
different grating periods.
F. It reveals that sidebands are generated at different times and supports our cascade χ(2 model.
Temporal cascading can be seen which confirms that each new longer wavelength green output
seeds the next order amplification process. To confirm our assertion, one needs to selectively set
some frequencies to zero in our model and then look at the temporal evolution. Lastly, I compare
the effect of crystal length and grating period in the OPGaP crystal. In Fig 3.7 (a), a simulation
of the output spectra using crystal lengths of 0.5 mm and 1.5 mm is compared with a 1 mm
crystal length. Apart from the length, all other parameters are kept the same. We can see that
the spectral broadening in the near-infrared region increases with an increase in crystal length
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whereas, in the visible part, the spectral shape mostly remains the same except some appearance
of sideband with the increase in length. The reason behind the increase in broadening with the
crystal length is the self-phase modulation. Generation of new frequencies in SPM depends
on the time-dependent phase which is directly proportional to the interaction length. Hence
we see the broadest spectrum in the near-infrared region due to the χ(3) nonlinearity. As the
near-infrared spectrum is the broadest in the 1.5 mm crystal, we see parametric amplification of
higher grating order and hence the appearance of new sidebands.
When the crystal grating period is varied, the near-infrared part of the spectrum remains the
same but the green wavelength peaks are shifted. This is apparent as SPM induced broadening
doesn’t depend on the grating period while the parametric peaks are shifted. As the poling
period changes, the parametric gain also shifts accordingly. This corresponds to shift in peaks
in the visible part of the spectrum as it depends on the cascaded χ(2) nonlinearity. This can be
seen numerically in Figure. 3.7, where the output spectrum of 1 mm OPGaP with three different
grating period is shown.
3.3 Conclusion
The NEE model presented here unwraps the dynamics behind the supercontinuum generation.
It shows that cascaded χ(2) plays an important role in the generation of supercontinuum. Due
to cascaded χ(2), the effective refractive index changes which induce Kerr nonlinearity and
we see sidebands generated in the near-infrared part of the spectrum. This is then frequency-
doubled to see the green light around 520 nm. Finally, it can be seen that due to the cascading
effect, new frequencies are generated after 520nm. This is due to the parametric amplification
of the sidebands. This is confirmed by looking at the high order phase matching loci and the
infrared idler generation. The temporal evolution of the pulse also supports our idea of temporal
cascading that new frequencies generated near the green seeds the next order process.
The 1+1D model presented here helps us to understand the fundamental process behind the
supercontinuum generation but extending the model to include the Raman effects will help to
investigate further. The next chapter shows the experimental results which support the qualita-
tive findings presented in this chapter but also indicate differences in behaviour.
Chapter 4
Supercontinuum generation with a
femtosecond Yb-fibre laser
4.1 Pulse characterisation using FRAC
In this work, to measure and characterise the ultrashort laser pulses, I used fringe resolved
autocorrelation (FRAC). Figure 4.1 shows a schematic of the autocorrelation technique. It uses
a Michelson interferometer to measure the second harmonic intensity as a function delay. The
input pulse to be measured is split into two arms with same intensity using a beam splitter.
On one of the arms, a delay line is set to change the temporal overlap between both the pulse.
The reflected pulses from both arms coherently combine in the beam splitter and are sent to the











|E(t)2 +2E(t)E(t− τ)+E(t− τ)2|2dt
(4.1)






















Thus, the FRAC signal contains a constant term, the interferograms of the input pulse, its second
harmonic and the intensity autocorrelation. The intensity autocorrelation term which we read
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FIGURE 4.1: Illustration of the Michelson based fringe resolved autocorrelation (FRAC) tech-
nique.
4.2 Experimental methods
In our setup, a speaker is used as a delay line and a high speed GaAsP photodetector is used
instead of second harmonic crystal. The autocorrelation signal is generated due to 2 photon
absorption in the GaAsP detector. The signal from the photodetector is recorded by Tiepie
Handyscope HS6 DIFF USB oscilloscope. The pulse duration we get from the raw autocorre-
altion signal is called the intensity autocorrelation function. To get actual temporal width of the
pulses, we have to multiply it by a deconvolution factor. For Gaussian pulses this factor is 0.707.
Fig 4.2 (a) shows the raw autocorrelation signal with temporal duration as 166 fs. The actual
pulse duration (∆τFWHM) after deconvolution was found out to be 118 fs.
The pump laser was a commercial Yb:fibre laser from Chromacity which delivered 1040nm
uncompressed pulses. Figure 4.2 (b) shows the output spectrum of the laser. The maximum
average power output of the laser was 3.5 W at a 100 MHz repetition rate. The pulses directly
emitted from the laser were uncompressed and too long for generating the supercontinuum and
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FIGURE 4.2: (a): Autocorrelation trace of the laser showing nearly compressed pulses at
∆τFWHM=118 fs. (b): Laser spectrum centered at 1040nm.
so were compressed to 90 fs using a transmission grating pair. Then the compressed pulse is
focused down to a 25 µm radius spot into the 1mm OPGaP crystal. The experiment was carried
out in a single pass configuration. The output spectra were recorded using a visible spectrometer
(Ocean Optics QEPro) to cover 400–900 nm and an optical spectrum analyzer (Ando AQ6317B)
for near-infrared wavelengths.
FIGURE 4.3: Supercontinuum generation setup. The resulting supercontinuum was measured
using a visible spectrometer and optical spectrum analyzer (OSA), and also with a beam pro-
filing camera. BS - beam splitter; M-mirror; L-lens; A-attenuator; C- color filter.
4.3 Experimental results
To examine the beam quality and the structure of supercontinuum components, its spatial dis-
tribution was recorded with a Thorlabs beam profiling camera (BC106N-VIS/M). To isolate the
wavelengths, different colour filters were used to record the beam profiles at different wave-
lengths. Figure 4.4 shows the beam size at different wavelengths. The pump was measured at
low power and a bandpass filter was used to measure beam at 450-650 nm wavelengths. To
measure the second harmonic at 520 nm, a ±10nm bandpass filter was used. High and low pass
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filters were used to capture the beam at long and short wavelengths respectively. As compar-
ison of the relative beam sizes was not possible due to the varying profiling camera positions
necessitated by the different filtering arrangements used.
FIGURE 4.4: Beam profile of (a) pump light at 1040 nm; (b) all visible outputs; (c) wavelengths
<500 nm; (d) wavelengths at 520 nm ±10 nm; and (e) wavelengths >600 nm. Profiles were
measured at different observation planes, so their relative sizes are not comparable.(f) Visible
supercontinuum output as seen after dispersing through a prism.
FIGURE 4.5: Upper panels: output spectra at maximum pump power, recorded using a visible
spectrometer and an optical spectrum analyzer. Lower panels: evolution of the supercontinuum
for average pump powers from zero to 3.2 W.
The output spectrum and evolution of the supercontinuum is shown in Figure 4.5. The evolution
presented was measured by linearly increasing the pump power to a maximum of 3.2W which
corresponded to an intensity of around 20 GW/cm2. At the highest pump intensity, the spectral
broadening extends from 450-600nm in the visible region and 950-1250nm in the near-infrared
region. The broad visible coverage can be readily seen from the photograph in Figure 4.4 (f),
which was recorded after dispersing the visible components of the spectrum using a diffraction
grating and imaging the spectrum with a lens. As seen in the numerical simulations in Chapter
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3, here we can also observe the spectral broadening due to self-phase modulation in the near-
infrared region. There is a strong signal generated at 520 nm indicating the generation of the
second harmonic of the pump. In Figure 4.5 the higher-order sidebands m = 7,9,11 can be
seen near the frequency-doubled signal. Side-bands present near the frequency-doubled spectra
confirm our model of high order quasi-phasematched parametric amplification.
4.4 Discussion and comparison with the numerical results
In Figure 4.5, the shorter wavelengths are amplified by lower-order processes and hence they
experience stronger conversion because of the 1/m2 dependence of the parametric gain coeffi-
cient. Whereas, the high-order phasematching loci occupy narrow bands as they lie diagonally
on the phasematching map resulting in a transfer of pump wavelength into the parametric signal
wavelength. Good agreement is seen in the first few peaks in Figure 4.5 in the visible region
when compared with numerical results in Figure 3.2. Peaks corresponding to m = 5,7 and 9
in Figure 3.4 match well with the experimental result but higher-order peaks agree less well.
This is evident as small errors in the refractive index data used for calculation are amplified by
a factor of m and can result in dramatic changes to the phasematching loci. This is illustrated
in Figure 4.6 where experimental data are superimposed with numerical simulation to show the
high higher-order peaks resulting from OPGaP phase matching loci.
FIGURE 4.6: Green indicates the narrow 520 nm pump spectrum is mapped into multiple signal
pulses and the red shaded plot shows the experimentally measured spectrum
The fundamental broadening into the near-infrared sidebands due to the Kerr nonlinearity is
evident in the numerical simulations 3.2 but experimental supercontinuum spectral distribution
shows less broadening in Figure 4.5. This means that for some reason we see a stronger SPM
in the numerical results than observed in experiments. The weaker SPM in the experiment can
be explained with the help of Figure 4.7. It shows the x and y beam profile data collected
after the OPGaP crystal at the minimum and maximum powers. A power-dependent defocusing
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effect can be observed at high pump powers. This can be seen in the evolution where the beam
starts to diverge with an increase in pump power. A power-dependent defocusing effect cannot
be easily explained by either self-focusing or thermal lensing, as in GaP both would imply
positive lensing and would result in a tighter focus and stronger SPM than we experimentally
observe. Instead, we attribute the weaker SPM to self-defocusing of the fundamental beam due
to cascaded second-order effects [62].
FIGURE 4.7: Profiles of the fundamental beam after the OPGaP crystal, showing a power-
dependent self-defocusing effect, which we attribute to cascaded second-order effects. Panels
(a) and (b) show, respectively, the x and y beam profiles at minimum (blue) and maximum (red)
powers. The corresponding color maps show the beam intensity on a linear scale, indicating a
divergence that approximately doubles as the power is increased from 60mW to 3.38W
The result presented in [63] shows that χ(2)(ω;2ω,−ω):χ(2)(2ω;ω,ω) cascading causes the
fundamental beam to experience a peak nonlinearity phase shift of -19 rad. This corresponds
to ne f f2 ≈ −6.2× 10−13cm2/W which is opposite in sign and nearly 10 times larger than Kerr
n2 = 6.5× 10−14cm2/W . This explains the nature of strong defocusing in the beam profile
data. Hence, strong negative defocusing is associated with this nonlinearity leads to a self-
limiting behavior that weakens further SPM driven broadening. To further understand the full
dynamics of the supercontinuum process, additional effects such as thermal, cascaded χ(2), and
even photorefractive effects [64], [65] would need to be included, but modelling accuracy would




In this thesis, using nanojoule-level pulses from a high-repetition-rate femtosecond oscillators, I
have demonstrated a new form of supercontinuum generation in a quasi-phasematched OPGaP
crystal. Numerical modelling matches suitably enough to explain the demonstrated results. The
results and analysis explain the origin of the supercontinuum due to a cascaded process.
In Chapter 3, I present a NEE model to explain the supercontinuum process. The model is built
upon the framework of the 1+1D propagation equation and uses the forward Maxwell’s equation
to get the generated output field. The simulation results tell us that the nonlinear broadening
caused in the near-infrared region of the spectrum is due to the cubic nonlinearity. Broadening
in the visible part is due to frequency-doubled signal which acts as a seed and parametrically
amplify the weak SPM sideband while simultaneously generating long-wavelength idler. This
assertion is also confirmed in the time-domain evolution of the spectrum and the results are
discussed in the section.
In Chapter 4, I reported the experimental demonstration of a supercontinuum in OPGaP using
32-nJ femtosecond pulses. The generated supercontinuum showed an overall similar shape and
agreed well with the simulation except it showed less spectral broadening in the near-infrared
part. In the experiment, the χ(3) nonlinearity was weaker when compared with the simulation.
This discrepancy arises due to a strong negative defocusing effect which can be seen from the
beam profile plots. The power-dependent defocusing effect observed is attributed to cascaded
second-order effects in the OPGaP crystal, and it serves to self-limit the amount of SPM-induced
spectral broadening in the crystal.
In conclusion, our NEE model works well to unwrap the dynamics behind the generated su-
percontinuum but fails to incorporate the spatial dynamics associated with a power-dependent
negative n2 nonlinear refractive index. More detailed analysis needs to be done in order to under-
stand the dynamics with precision. By incorporating the Raman effects and defocusing effects,
36
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more realistic analysis can be obtained. With the ready possibility of using engineered quasi-
phasematching to enhance the high-order effects responsible for supercontinuum generation, it
may be possible to reduce the average power needed to levels where greater spectral broadening
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Supercontinuum generation from nanojoule femtosecond
lasers is well known in photonic-crystal fibers, channel waveg-
uides, and micro-resonators, in which strong confinement
shapes their dispersion and provides sufficient intensity for
self-phase modulation, four-wave mixing, and Raman scat-
tering to cause substantial spectral broadening. Until now,
supercontinuum generation in bulk media has not been
observed at equivalent energies, but here we introduce a new
mechanism combining second- and third-order nonlinearities
to produce broadband visible light in orientation-patterned
gallium phosphide. A supercontinuum from the blue/green to
the red is produced from 32 nJ 1040 nm femtosecond pulses,
and a nonlinear-envelope-equation model including χ (2) and
χ (3) nonlinearities implies that high-order parametric gain
pumped by the second-harmonic light of the laser and seeded
by self-phase-modulated sidebands is responsible.
Published by The Optical Society under the terms of the Creative
Commons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title,
journal citation, andDOI.
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Quasi-phase-matching [1] makes it possible even for high-order
nonlinear processes in χ (2) materials to access substantial effective
nonlinear coefficients. Early work in periodically poled lithium
niobate (PPLN) demonstrated that this facility, when combined
with the high intensities available within guided-wave devices,
enabled a form of supercontinuum generation that exploited
multiple cascaded and high-order three-wave interactions to gen-
erate supercontinua [2]. This approach has since been refined both
theoretically [3] and experimentally [4] to deliver greater control of
such processes, but it has remained limited to waveguide devices,
and principally to the material lithium niobate. Engineerable
phase matching in semiconductors like orientation-patterned
gallium arsenide (OPGaAs) [5] and orientation-patterned gallium
phosphide (OPGaP) [6] has enabled the demonstration of highly
efficient ultra-broadband or extremely tunable femtosecond opti-
cal parametric oscillators [7,8]. In particular, OPGaP combines
transparency extending well into the visible region with a high
nonlinear coefficient (d14 = 70.6 pm V−1) [9] that results in a
nonlinear figure of merit (d2eff/n
3) 3 times that of PPLN [9]. When
such a high nonlinear coupling is available along with a strong driv-
ing field, many high-order processes become relatively efficient in
quasi-phase-matched media; for example, the first report of optical
parametric oscillation in OPGaP observed ninth-order visible light
generation using narrow-linewidth nanosecond pump pulses [9].
Here we report broadband supercontinuum generation in
OPGaP pumped by 1040 nm pulses from a sub-100 fs Yb:fiber
laser operating at 100 MHz (Chromacity 1040). As illustrated in
Fig. 1, the pulses are tightly focused into a 27 µm period crystal of
length 1 mm, achieving intensities in excess of 20 GW cm−2 in the
crystal. Spectra were recorded using a visible spectrometer (Ocean
Optics QEPro) to cover 400–900 nm and an optical spectrum
analyzer (Ando AQ6317B) for longer wavelengths. Various reflec-
tive and transmissive color filters were used to isolate wavebands
near 1040 nm (pump, measured at low power), 450–650 nm (all
visible outputs), < 500 nm (blue/green supercontinuum), near
520 nm [pump second-harmonic generation (SHG) and green
supercontinuum], and> 600 nm (red supercontinuum), allowing
their spatial distributions to be recorded with a beam profiling
camera. The purpose of these measurements was to examine the
beam quality and structure of the supercontinuum components;
comparison of the relative beam sizes in Fig. 1 is not possible due to
the varying profiling camera positions necessitated by the different
filtering arrangements used.
The evolution of the supercontinuum spectrum is presented
in Fig. 2(a) for average pump powers increasing linearly to 3.2 W,
corresponding to an intensity of around 20 GW cm−2. At the
highest pump intensity, the spectral coverage extends from the
blue/green to the red, from approximately 450–600 nm, and then
in the infrared from 950–1250 nm. The broad visible coverage
can be readily seen from the photograph in Fig. 2(b), which was
recorded after dispersing the visible components of the spectrum
using a diffraction grating and imaging the spectrum with a lens.
The generation is only observed when the pump pulses, which are
produced by an Yb:fiber master-oscillator power-amplifier system,
are fully compressed to their minimum durations of around 100 fs.
The fundamental origin of the supercontinuum generation
can be understood by considering the main image of Fig. 3, which
presents the phase-matching efficiency map sinc2(1kL/2)/m2
for mth-order difference-frequency mixing between wavelengths
in the range 500–650 nm. It shows that the second harmonic of
the laser at 520 nm (marked as the white dashed line on Fig. 3)
2334-2536/20/020172-04 Journal © 2020Optical Society of America
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Fig. 1. Supercontinuum generation experiment. Stretched pulses
from an Yb:fiber laser were de-chirped in a grating compressor before
being focused into an OPGaP crystal (X). The resulting supercontinuum
was measured using a visible spectrometer and optical spectrum analyzer
(OSA), and also with a beam profiling camera. Intense pump light was
rejected using two attenuators (A), and beam profiling employed differ-
ent color filters (C) to isolate: (a) pump light at 1040 nm; (b) all visible
outputs; (c) wavelengths < 500 nm; (d) wavelengths at 520 nm±10 nm;
and (e) wavelengths > 600 nm. Profiles were measured at different
observation planes, so their relative sizes are not comparable.
Fig. 2. (a) Upper panels: output spectra at maximum pump power,
recorded using a visible spectrometer and an optical spectrum analyzer.
Lower panels: evolution of the supercontinuum for average pump powers
from zero to 3.2 W. (b) Photograph of the visible output correspond-
ing to approximately 450–600 nm. A weak violet color is visible at the
short-wavelength edge of the image.
can act as a pump to parametrically amplify neighboring longer
wavelengths from around 550–600 nm. Shorter wavelengths
are amplified by lower-order processes than higher wavelengths,
and so they experience stronger conversion because of the 1/m2
dependence of the parametric gain coefficient. While the high-
order phase-matching loci occupy very narrow bands, they lie
diagonally on the phase-matching map, which means that the
spectral bandwidth of a broadband pump wave can be translated
into the parametric signal wavelength. To illustrate this, the right
panel of Fig. 3 shows the spectrum of a few-nanometer (nm)-wide
520 nm pump wave, whose product with the phase-matching
map is shown in the top panel of Fig. 3 and compared with the
experimental supercontinuum. Good agreement is seen in the
positions of the first few peaks, corresponding to m = 5, 7, and
9. The positions of the higher-order peaks agree less well, but this
is not surprising since even tiny errors in the refractive index data
used for the calculation [10] are amplified by a factor of m and can
result in noticeable changes to the phase-matching loci.
Fig. 3. Fundamental and high-order (m = 3− 17) phase-matching
loci for difference-frequency mixing in a 27 µm period OPGaP crystal of
length 1 mm. Interaction efficiency, proportional to sinc2(1kL/2)/m2,
is represented by the color map. Strong second-harmonic light centered
at 520 nm (dashed line) acts as a pump to amplify neighboring longer
wavelengths that satisfy a high-order phase-matching condition. The
bandwidth of the 520 nm pump pulses is transferred into these signal
pulses, which have sufficient spectral width to form a supercontinuum.
This process is illustrated by considering how a narrow 520 nm pump
spectrum (right axis) is mapped into multiple signal pulses (top axis,
green). For comparison, the top axis shows in red the experimentally
measured spectrum, whose maxima agree well with those predicted for
m = 5, 7, and 9. At higher values of m, the experimental and calculated
behaviors are more sensitive to uncertainties in the OPGaP fabrication
and in the Sellmeier equations, leading to differences in the positions of
the conversion maxima.
The above analysis assumes that some seed light already exists at
wavelengths longer than 520 nm. By using a numerical simulation
to solve a combined χ (2) and χ (3) nonlinear envelope equation
(NEE), we show that frequency-doubled self-phase modulation
(SPM) sidebands of the pump light are the origin of this seed
light. Our NEE model provides a rigorous means of analyzing
ultra-broadband pulse evolution in a medium possessing both an
engineeredχ (2) nonlinearity in the form of a quasi-phase-matched
grating and an intrinsicχ (3) nonlinearity. Unlike the coupled-wave
equations, such an approach makes no prior assumptions about
the number of interacting fields or the processes involved. A similar
method has already been successfully applied to predict the struc-
ture of an octave-spanning supercontinuum generated in a PPLN
waveguide [3,4].
The intra-crystal focus has a Rayleigh range of 6.5 mm at
1040 nm, meaning that linear diffraction is insignificant over
the crystal length of 1 mm, so our approach follows the 1+ 1D
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Fig. 4. Simulated evolution of the visible and near-infrared spectra
after propagation through a 1 mm long OPGaP crystal fabricated with a
grating period of 27 µm. The upper panels show the spectra obtained at
maximum pump power (3.2 W) and the effect on these of switching off
either theχ (2) orχ (3) nonlinearity.
where τ = t − β1z is the coordinate system moving at the reference










The refractive index of GaP was taken from a new temperature-
dependent Sellmeier equation [10], which has validity from
700 nm to 12.5 µm and was expected to provide more accurate
short-wavelength values than the more commonly used expression
in [16]. Wavelength-dependent linear absorption at wavelengths
close to the band edge was included using data from [17]. Using
the NEE and data for χ (2) and χ (3) in OPGaP from [9] and [18],
respectively, we modeled the supercontinuum generation, taking
as the input a transform-limited pulse with a spectrum matching
that measured experimentally at 1040 nm. We then normalized
the pulse peak power so that the energy matched the experimental
values and calculated the intensity according to the experimental
focal-spot radius of 25 µm. The confocal parameter for this focal
spot size is 13 mm, so linear diffraction can be neglected; how-
ever, spatio-temporal effects are not included in the model but do
manifest themselves experimentally, as explained later.
In Fig. 4 we present the propagation modeling results for a
27 µm OPGaP grating. Powers are chosen to match the range
examined experimentally in Fig. 2. Using the NEE model allows us
to separately investigate the contributions from the χ (2) and χ (3)
nonlinearities. The color maps show the calculated evolution of the
visible and infrared spectra as the laser power is increased from zero
to 3.2 W, with the upper axes showing the maximum-power spec-
tra when both nonlinearities are present, or when just χ (2) or χ (3)
is present. With both nonlinearities present, Fig. 4 shows that SPM
broadens the input laser spectrum to span from 950–1250 nm;
SHG then converts the most intense central components into the
light at 520 nm that will act as a pump, while the weaker longer
wavelengths seed the high-order parametric gain process. With
χ (2) = 0, no frequency-doubled light is observed, while with
χ (3) = 0, the input laser spectrum remains unbroadened, and no
second-harmonic light of sufficiently long wavelength is available
to seed the supercontinuum process.
The NEE model, while elucidating the processes responsible
for supercontinuum generation, exhibits power distributions
within the fundamental and supercontinuum spectra that dif-
fer from those observed experimentally by showing stronger
Fig. 5. Profiles of the fundamental beam after the OPGaP crystal,
showing a power-dependent self-defocusing effect, which we attribute to
cascaded second-order effects. Panels (a) and (b) show, respectively, the x
and y beam profiles at minimum (blue) and maximum (red) powers. The
corresponding color maps show the beam intensity on a linear scale, indi-
cating a divergence that approximately doubles as the power is increased
from 60 mW to 3.38 W.
SPM. Beam-profile data for the fundamental wavelength are
presented in Fig. 5, revealing a power-dependent defocusing
effect that cannot be explained by either Kerr self-focusing or
thermal lensing, both of which imply positive lensing in GaP and
would result in a tighter focus and stronger SPM than we observe.
Instead, we attribute the weaker SPM to self-defocusing of the
fundamental beam due to cascaded second-order effects [19].
Using the analysis presented in Ref. [20], it can be shown that
χ (2)(ω; 2ω,−ω) : χ (2)(2ω;ω, ω) cascading causes the funda-
mental beam to experience a peak nonlinear phase shift of−19 rad,
corresponding to neff2 ≈−6.2× 10
−13 cm2 W−1, opposite in sign
and nearly 10× larger than n2 (Kerr) = 6.5× 10−14 cm2 W−1.
Strong negative defocusing is associated with this nonlinearity,
leading to a self-limiting behavior that suppresses further SPM-
driven spectral broadening. Extending the existing NEE model to
a spatio-temporal simulation including thermal, Kerr, cascaded-
χ (2), and even photorefractive effects [21,22] would be needed
to adequately capture the full dynamics of the supercontinuum
process, but its accuracy would ultimately be limited by uncer-
tainties in experimental and material parameters, e.g., grating
nonuniformity.
Our assertion that parametric gain in the green is responsible
for the supercontinuum generation process is further confirmed
Fig. 6. Full-spectrum NEE simulation, showing long-wave infrared
generation above 7 µm, corresponding to idler radiation from difference-
frequency mixing between 520 nm and wavelengths shorter than
562 nm.
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in Fig. 6, which illustrates the long-wave infrared generation
observed in the NEE model above powers where SPM broadens the
spectrum to a range sufficient to generate the necessary seed wave-
lengths. Infrared generation occurs above 7 µm, corresponding to
peak parametric gain below 562 nm, as observed experimentally.
The exceptional properties of OPGaP, which combines a phase-
matchable χ (2) nonlinearity with a high χ (3) nonlinearity and
simultaneous transmission in the visible and long-wave infrared,
make it uniquely suitable for such an intra-pulse supercontinuum
process. Indeed, optical parametric oscillation pumped at 1.04µm
has been reported at wavelengths extending to 13.5 µm [23], and
OPGaP’s transparency extends to 17 µm, with the exception of an
absorption around 14µm.
In summary, we have reported the first example of super-
continuum generation in a bulk nonlinear crystal pumped by a
high-repetition-rate femtosecond laser oscillator. Visible light
generation is a result of 520 nm pumped parametric gain, which
amplifies weak SPM sidebands while simultaneously generating
long-wavelength idler light. A power-dependent defocusing effect
observed in tandem with supercontinuum generation is attributed
to cascaded second-order effects in the OPGaP crystal, and it serves
to self-limit the amount of SPM-induced spectral broadening in
the crystal. With the ready possibility of using engineered quasi-
phase-matching to enhance the high-order effects responsible
for supercontinuum generation, it may be possible to reduce the
average power needed to levels where greater spectral broadening is
achieved along with reduced parasitic effects.
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